1. Introduction {#sec1-microorganisms-08-00874}
===============

Inflammatory bowel disease (IBD) is characterized by dysregulated mucosal immune responses to the intestinal microbiota \[[@B1-microorganisms-08-00874]\], although the pathogenesis is not fully understood. Tumor necrosis factor-alpha (TNF-α) monoclonal antibody, infliximab, has revolutionized IBD treatment, demonstrating its efficacy to induce clinical remission and mucosal healing (MH) in patients who were refractory to conventional therapies \[[@B2-microorganisms-08-00874],[@B3-microorganisms-08-00874]\]. Although the direct relationship between infliximab and intestinal microbiota is not well known, it has been reported that infliximab improved gut microbial dysbiosis \[[@B4-microorganisms-08-00874],[@B5-microorganisms-08-00874],[@B6-microorganisms-08-00874],[@B7-microorganisms-08-00874],[@B8-microorganisms-08-00874]\], occurring within 2--6 weeks after infliximab induction treatment \[[@B5-microorganisms-08-00874]\]. Nevertheless, previous gut microbiome studies in infliximab-treated patients have shown inconsistent results, which may be due to the sensitivity of microbiota composition to biological and environmental confounders.

During maintenance therapy, infliximab is administered regularly every 8 weeks, during which serum levels steadily decrease from the peak level immediately following infliximab infusion \[[@B9-microorganisms-08-00874],[@B10-microorganisms-08-00874]\]. Serum concentration of infliximab has been reported to have a positive association with drug efficacy in IBD patients \[[@B10-microorganisms-08-00874]\]. Several studies have demonstrated its usefulness for predicting the clinical outcomes including loss of response or sustained responses, risk of colectomy, and endoscopic remission \[[@B9-microorganisms-08-00874],[@B11-microorganisms-08-00874],[@B12-microorganisms-08-00874]\]. Trough level of infliximab and endoscopic mucosal healing are emerging as predictors of better clinical outcome. In practice, several patients reported symptom aggravation 1--2 weeks prior to subsequent infliximab administrations, and these symptoms recovered within 1--2 weeks after infliximab infusion. In this context, if the composition and diversity of intestinal microbiota changed meaningfully during the 8-week infliximab infusion cycle, this fluctuation of symptoms might be explained with the microbial changes according to serum infliximab level. In addition, the timing of fecal sampling after infliximab administration may be a factor to be considered when performing fecal microbial analysis.

In this study, we evaluated changes in the intestinal microbiota during an 8-week infliximab infusion cycle in IBD patients, to suggest an appropriate timing of fecal sampling for the evaluation of gut microbial composition and diversity. Furthermore, the microbial profile of patients with infliximab maintenance therapy according to emerging therapeutic targets, such as trough level of infliximab (TLI) and mucosal healing (MH), were analyzed to identify potential compositional biomarkers for IBD.

2. Materials and Methods {#sec2-microorganisms-08-00874}
========================

2.1. Study Population {#sec2dot1-microorganisms-08-00874}
---------------------

This prospective longitudinal study was performed on IBD patients in clinical remission induced by infliximab (Remicade^®^, Janssen Pharmaceutical, Beerse, Belgium, or Remsima^®^, Celltrion, Incheon, Korea) and continued maintenance therapy from March 2018 to November 2018 at Samsung Medical Center in Seoul, Korea. The inclusion criteria were as follows: patients (1) were aged 18 years or more; (2) had been diagnosed with IBD (Crohn's disease(CD) or ulcerative colitis (UC)) based on practical guidelines \[[@B13-microorganisms-08-00874]\]; (3) had received intravenous administration of 5--10 mg/kg infliximab every 8 weeks at an outpatient clinic after induction at 0, 2, or 6 weeks; (4) were in clinical remission (Crohn's disease activity index (CDAI) \< 150 or partial Mayo score \< 2) \[[@B14-microorganisms-08-00874]\]; (5) had not concomitantly used glucocorticoids; and (6) had not used antibiotics or probiotics within 3 months. Patients who met the following criteria were excluded: (1) use of antibiotics or probiotics between the first and second fecal sampling; (2) addition or removal of IBD medication (5ASA, glucocorticoid, immunomodulator, or biologics) to an existing medication regimen; (3) altered dosage of IBD medication during study periods; (4) hospitalization or operation after enrollment; and (5) did not submit fecal samples or endoscopy. In addition, healthy adult volunteers who did not have any symptoms suggesting gastrointestinal disorder, no history of abdominal surgery, or intake of any medications including antibiotics or probiotics within 3 months were recruited as a control.

2.2. Study Design {#sec2dot2-microorganisms-08-00874}
-----------------

This study was approved by the Institutional Review Board of Samsung Medical Center (IRB No. 2017-12-066, date of approval; 14 March 2018). All IBD patients provided written informed consent before enrollment in the study and administration with infliximab. Each patient received the first stool sampling kit, including instructions, stool collection tube containing buffer, ice pack, and insulated thermal mailers, at home using express delivery service within 1 week following infliximab infusion. Fecal samples were collected between 1 and 2 weeks after the first infliximab infusion (1W sample) and sent back to the laboratory. The second stool sampling kit was delivered to patients' homes at 7 weeks after infliximab infusion. Patients collected their fecal samples between 7 and 8 weeks (7W sample) after infliximab infusion and sent it back to the laboratory. Fecal samples of healthy volunteers were only collected once during the study period (Ctrl sample). All fecal samples were collected with fecal collection kit, according to the manufacturer's instructions (SMF-1; ChunLab Inc., Seoul, Korea). Samples were frozen at −80 °C until DNA extraction for 16S RNA gene sequencing and fecal calprotectin measurement. At 8 weeks after infliximab infusion, the patients' CDAI/partial Mayo score, C-reactive protein (CRP), and TLI were assessed, followed by administration of the next infliximab treatment, as scheduled.

All patients underwent colonoscopy (in patients with ileocolonic/colonic CD or UC) or balloon-assisted enteroscopy (in patients with ileal CD) within 3 months from the enrollment. The definition of mucosal healing (MH) was the absence of ulcerations in patients with CD and Mayo endoscopic sub-score 0 or 1 in patients with UC \[[@B15-microorganisms-08-00874]\]. The sampling schedule of feces and blood is illustrated in [Figure 1](#microorganisms-08-00874-f001){ref-type="fig"}.

2.3. 16.S rRNA Gene Sequencing {#sec2dot3-microorganisms-08-00874}
------------------------------

Fecal microbial DNA was extracted from all submitted fecal samples using an UltraClean microbial DNA isolation kit (Mo Bio Laboratories, Carlsbad, CA, USA). The extracted DNA was stored at −80 °C until analysis. For paired-end sequencing, the hyper-variable region (V3, V4) of the bacterial 16S rRNA was amplified using 341F and 805R primers \[[@B16-microorganisms-08-00874]\]. Amplicons were pooled in equal proportions and purified using the AMPure XP purification kit according to the manufacturer's instructions. The purified product was used to prepare the Illumina DNA library. Libraries were sequenced using the Illumina MiSeq platform, generating paired-end reads of 2 $\times$ 250 bp by ChunLab Inc. (Seoul, Korea).

2.4. Taxonomic Comparison and Diversity Indices {#sec2dot4-microorganisms-08-00874}
-----------------------------------------------

Taxonomic profiling of bacterial community was analyzed using the EzBioCloud's Microbiome Taxonomic Profiling cloud as previously described using the database version PKSSU4.0 \[[@B16-microorganisms-08-00874]\]. Calculations of alpha- and beta-diversity indices, and biomarker discovery using linear discriminant analysis effect size (LEfSe) and phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) algorithms were carried out after normalization based on 16S rRNA gene copy number variation \[[@B17-microorganisms-08-00874],[@B18-microorganisms-08-00874]\]. Statistical testing was performed using Mann--Whitney U test. To provide community alpha-diversity estimates, species richness was assessed using Chao, ACE, Jackknife methods, and numbers of operational taxonomic units (OTUs). Diversity indices were expressed using NPShannon, Shannon, Simpson indices, and phylogenetic diversity (PD) computed from the OTU occurrence matrix. The between-sample diversity was calculated using generalized UniFrac metrics. β diversity was visualized by hierarchical cluster trees using the unweighted pair group method with arithmetic mean (UPGMA) and principal coordinate analysis (PCoA). LEfSe was employed to identify specific species that were differentially distributed between different samples, which may be available as microbial biomarkers. The linear discriminant analysis (LDA) score threshold was set to greater than 3.0 for LEfSe analysis. The functional composition of communities was described using the PICRUSt and annotated to their KEGG pathways. A *p* value of less than 0.05 was considered statistically significant.

2.5. Measurement of Fecal Calprotectin, CRP, and TLI {#sec2dot5-microorganisms-08-00874}
----------------------------------------------------

Calprotectin was measured in all submitted fecal samples using a quantitative enzyme-linked immunosorbent assay (ELISA) kit (HK379-02, Hycult Biotech, Uden, the Netherlands) according to the manufacturer's instructions. CRP and TLI were measured at 8W following the initial infliximab and immediately before the subsequent infliximab therapy. CRP was measured by Cobas^®^ c702 (Roche Diagnostics, Mannheim, Germany), and TLI was detected using an ELISA kit (Shikari^®^ Q-Inflixi, Matriks Biotek, Ankara, Turkey). Calprotectin cut-off of \> 250 μg/mL and CRP cut-off \> 5 mg/L were suggested to indicate active intestinal inflammation \[[@B19-microorganisms-08-00874]\]. TLI ≥ 5 µg/mL in patients with active IBD during maintenance therapy was considered as therapeutic \[[@B20-microorganisms-08-00874]\].

3. Results {#sec3-microorganisms-08-00874}
==========

3.1. Study Participants and Samples {#sec3dot1-microorganisms-08-00874}
-----------------------------------

In total, 45 IBD patients and 10 healthy volunteers were eligible for enrollment, of which 75 samples from 40 IBD patients (30 CD patients and 10 UC patients) and 10 samples from 10 healthy volunteers were analyzed ([Figure 2](#microorganisms-08-00874-f002){ref-type="fig"}). There was a requirement of no hospitalization, surgery, or medication changes during the study period due to symptom aggravation. A total of 34 patients submitted both 1W and 7W samples, 4 patients submitted the 1W sample only, and 2 patients submitted 7W samples only. Baseline characteristics are shown in [Table 1](#microorganisms-08-00874-t001){ref-type="table"}.

Since all IBD patients were in clinical remission, calprotectin levels of all samples were \< 250 μg/g, and CRP at 8 weeks after infliximab was 5 mg/L. The median level of fecal calprotectin was 4.21 μg/mL, ranging from 50 to 250 μg/g in 6 patients (15%). By contrast, the median in healthy volunteers was median 1.60 μg/g and ranged from 0.23 to 3.70 μg/g. TLI was measured in 18 patients, and 11 patients (61%) had sub-therapeutic levels of TLI. Endoscopy was performed in all enrolled patients, and MH was assessed in 12 patients with CD (50%) and 7 patients with UC (70%).

3.2. Changes in Microbiota Composition during 8-Week Infliximab Infusion Cycle {#sec3dot2-microorganisms-08-00874}
------------------------------------------------------------------------------

To investigate differences in microbial composition during the 8-week infusion cycle, 1W and 7W paired samples were analyzed by Wilcoxon signed-rank test; no significant differences were found in microbial composition at all ranks, including phylum and family levels ([Figure 3](#microorganisms-08-00874-f003){ref-type="fig"}A). Furthermore, compared to Ctrl, there were no significant differences at 1W and 7W.

Regarding average taxonomic composition at the phylum level, both 1W and 7W samples were dominated by the phyla Firmicutes and Bacteroidetes followed by Actinobacteria and Proteobacteria ([Supplementary Table S1](#app1-microorganisms-08-00874){ref-type="app"}). The taxonomic relative abundance of bacterial taxa previously noted to be associated with IBD dysbiosis were compared between 1W, 7W, and Ctrl samples, which shows no meaningful differences according to timing of fecal sample collection \[[@B4-microorganisms-08-00874],[@B21-microorganisms-08-00874],[@B22-microorganisms-08-00874]\].

Fecal microbial richness was not significantly different between the 1W, 7W, and Ctrl samples ([Figure 3](#microorganisms-08-00874-f003){ref-type="fig"}B), and the diversity indices showed no differences between samples ([Figure 3](#microorganisms-08-00874-f003){ref-type="fig"}C). The PCoA plot ([Figure 3](#microorganisms-08-00874-f003){ref-type="fig"}D) and UPGMA dendrogram ([Figure 3](#microorganisms-08-00874-f003){ref-type="fig"}E) were scattered randomly and showed no apparent clustering between 1W, 7W, and Ctrl samples. The LEfSe and PICRUSt analyses revealed that none of the bacterial taxa and pathways were differentially present between 1W and 7W samples.

3.3. Comparison of Microbiota Composition of 7W Samples with TLI \< 5 μg/mL and ≥5 μg/mL {#sec3dot3-microorganisms-08-00874}
----------------------------------------------------------------------------------------

Next, we analyzed differences in microbial composition of 7W samples according to TLI. Most bacterial taxa revealed no significant differences at any ranks between TLI \< 5 μg/mL and ≥ 5 μg/mL groups ([Figure 4](#microorganisms-08-00874-f004){ref-type="fig"}A). However, with respect to relative abundance, *Bacteroidetes uniformis*, and *Alistipes putredinis* were significantly increased and *Faecalibacterium prausnitzii* tended to increase in patients with TLI ≥ 5 μg/mL compared to TLI \< 5 μg/mL ([Supplementary Table S2](#app1-microorganisms-08-00874){ref-type="app"}).

Species richness represented with ACE, CHAO, and Jackknife was higher in patients with TLI ≥ 5 μg/mL than in patients with TLI \< 5 μg/mL (all *p* \< 0.05) ([Figure 4](#microorganisms-08-00874-f004){ref-type="fig"}B). Although the *p* values did not show significance, the Shannon index trended towards a significant increase in the TLI ≥ 5 μg/mL group (*p* = 0.057) and the Simpson index decreased in the TLI \< 5 μg/mL group (*p* = 0.057) ([Figure 4](#microorganisms-08-00874-f004){ref-type="fig"}C). The PCoA plot ([Figure 4](#microorganisms-08-00874-f004){ref-type="fig"}D) and UPGMA dendrogram ([Figure 4](#microorganisms-08-00874-f004){ref-type="fig"}E) showed random scattering and no apparent clustering. The LEfSe analysis demonstrated significantly different abundances in species taxa between both groups (TLI ≥ 5 μg/mL: *Bacteroides uniformis, Faecalibacterium prausnitzii* group, *Intestinibacter bartlettii, Bacteroides thetaiotaomicron, Coprococcus comes* group, LT635539_s group, and *Citrobacter murliniae;* TLI \< 5 μg/mL: *Enterococcus faecium* group), and PICRUSt analysis revealed enhanced gene allocation for histidine metabolism ([Figure 4](#microorganisms-08-00874-f004){ref-type="fig"}F).

3.4. Comparison of Microbial Profile in IBD Patients with Mucosal Healing (MH) and Patients with No Mucosal Healing (Non-MH) {#sec3dot4-microorganisms-08-00874}
----------------------------------------------------------------------------------------------------------------------------

Microbial profiles in IBD patients were analyzed according to MH. The average taxonomic composition of phylum Firmicutes and Bacteroidetes of the MH group was increased and decreased compared with the non-MH group, respectively ([Figure 5](#microorganisms-08-00874-f005){ref-type="fig"}A). In addition, relative abundance of some IBD-associated bacterial taxa showed significant differences between MH and non-MH groups ([Supplementary Table S3](#app1-microorganisms-08-00874){ref-type="app"}). In particular, the MH group showed significantly higher abundance of genera *Faecalibacterium, Blautia*, and *Bacteroides*, and lower abundance of *Prevotella*. Furthermore, the B/P (*Bacteroides* to *Prevotella*) ratio of the MH group was significantly higher than that of non-MH group (*p* = 0.001), and closer to the healthy control group ([Supplementary Figure S1](#app1-microorganisms-08-00874){ref-type="app"}).

Biodiversity indices, including NPShannon, Shannon, Simpson, and PD, showed significant differences between both groups, indicating higher species richness and evenness in patients with MH ([Figure 5](#microorganisms-08-00874-f005){ref-type="fig"}C). Species richness represented by ACE, Chao and Jackknife showed an increased tendency in the MH group ([Figure 5](#microorganisms-08-00874-f005){ref-type="fig"}B).

On the PCoA plot and UPGMA dendrogram ([Figure 5](#microorganisms-08-00874-f005){ref-type="fig"}D,E), MH and non-MH groups tended to distribute separately. LEfSe analysis demonstrated significantly-different abundances of the following species taxa in both groups: MH---*Faecalibacterium prausnitzii* group, *Fusicatenibacter saccharivorans, Bacteroides stercoris, Eubacterium hallii, Agathobacter rectalis*, JH815484, *Blautia wexlerae*, LT907848_s, KQ968618_s group, *Ruminococcus bromii, Roseburia cecicola* group, *Ruminococcus torques*, HF545616_s. PAC001136_s, *Ruminococcus lactaris*, PAC001282_s, and *Blautia hansenii* group; non-MH group---PAC001304_s, *Prevotella copri, Fusobacterium necrogenes* group, PAC002523_s, *Lactobacillus mucosae*, PAC001039_s, *Streptococcus gallolyticus* group, *Prevotella_uc*, PAC001042, and *Acidaminococcus intestine* ([Figure 5](#microorganisms-08-00874-f005){ref-type="fig"}F). PICRUSt analysis revealed enhanced gene allocation for ABC transporters, quorum sensing, and porphyrin and chlorophyll metabolism in the MH group, whereas lipopolysaccharide (LPS) biosynthesis were increased in the non-MH group ([Figure 5](#microorganisms-08-00874-f005){ref-type="fig"}G).

4. Discussion {#sec4-microorganisms-08-00874}
=============

In this prospective study, infliximab showed little effect on fecal microbiota composition in IBD patients with clinical remission during an 8-week infusion cycle. Further, there were no significant differences between 1W and 7W samples in terms of biodiversity. However, our study found that fecal microbiota in patients with therapeutic TLI and MH showed increased bacterial diversity, richness, and relative abundance of *F. prausnitzii* group, compared with the patients with subtherapeutic TLI and non-MH. These results suggest that the composition and biodiversity of gut microbiota is related to the treatment response of anti-TNF agents, as represented by therapeutic TLI and MH.

It is well established that bacterial diversity and richness of the intestinal microbiota are reduced in active IBD patients \[[@B7-microorganisms-08-00874],[@B23-microorganisms-08-00874]\], whereas dysbiosis is diminished in inactive IBD patients after infliximab treatment \[[@B4-microorganisms-08-00874],[@B5-microorganisms-08-00874],[@B6-microorganisms-08-00874],[@B7-microorganisms-08-00874],[@B8-microorganisms-08-00874]\]. However, as serum infliximab concentration is decreased steadily after infusion \[[@B10-microorganisms-08-00874]\], drug efficacy decreases, and some patients without non-MH or deep remission experience fluctuations of their symptoms according to the infliximab infusion cycle. Previous gut microbiome studies have not evaluated microbiota changes during an 8-week infliximab treatment. Therefore, we assumed that microbiota would change over time after infliximab infusion as serum infliximab concentrations changed; however, there were no distinguishable differences in composition and diversity between 1W and 7W fecal samples. Furthermore, there was no significant difference between the Ctrl and 1W or 7W samples, which is similar to a previous report \[[@B7-microorganisms-08-00874]\].

Temporal instability can occur even in healthy people. Therefore, more specific and distinct differences would be needed to differentiate changes between 1W and 7W that would be greater than normal variation. In practice, this result indicated that the timing of fecal sampling is not essential in patients with clinical remission when evaluating microbial composition and diversity during infliximab maintenance therapy. However, dysbiosis in microbial richness was significantly decreased, and some taxa were significantly changed in the TLI \< 5 μg/g group. LefSe analysis identified several taxonomic markers, such as *Bacteroides uniformis* and *F. prausnitzii*, for therapeutic TLI.

Treat-to-target strategy to achieve mucosal healing is a current concept used for IBD. Regardless of sampling points, the intestinal microbiota between MH and non-MH samples showed greater heterogeneity in microbial community diversity. Fecal samples assigned to the non-MH group showed decreased microbial biodiversity and differences in relative abundance of multiple taxa compared to MH samples. In previous studies, the proportion of Firmicutes phylum, especially *F. prausnitzii*, was reduced, and Bacteroidetes, including *Enterobacteriaceae* and *E. coli*, was increased in CD patients with high disease activity. Further, dysbiosis of intestinal microbiota is observed in highly-active CD patients compared to healthy controls and remission patients \[[@B24-microorganisms-08-00874],[@B25-microorganisms-08-00874]\]. Similarly, our study showed that phyla Firmicutes and Bacteroidetes were significantly decreased and increased in non-MH group, respectively, compared to MH group. At the species level, relative abundance of *F. prausnitzii* and *Prevotella* PAC001304_s were significantly different.

There is great interest in developing the gut microbiome as a clinical diagnostic test for disease severity and for monitoring treatment response for IBD, although previous gut microbiome studies could not derive taxonomic biomarkers \[[@B26-microorganisms-08-00874]\]. In this study, to reduce the impact of major confounding factors, we enrolled adult IBD patients with clinical remission as well as normal CRP and fecal calprotectin levels, because disease activity is a major influential factor for dysbiosis \[[@B27-microorganisms-08-00874]\]. LefSe analysis identified *F. prausnitzii* as a microbial biomarker for therapeutic TLI and MH. *F. prausnitzii* is one of the most important butyrate-producing bacteria and plays a role in prebiotic fermentation \[[@B28-microorganisms-08-00874]\]. It represents around 5% of total bacteria in stool samples from healthy adults, and in vitro peripheral blood mononuclear cell stimulation by *F. prausnitzii* leads to significantly lower IL-12 and IFN-γ production and higher IL-10 secretion \[[@B29-microorganisms-08-00874],[@B30-microorganisms-08-00874]\]. Further, increased *F. prausnitzii* has been demonstrated in patients treated with infliximab \[[@B31-microorganisms-08-00874]\]. In PICRUSt analysis, histidine metabolism was associated with 7W fecal samples of therapeutic TLI. Histidine produces butyrate through colonic microbiota \[[@B32-microorganisms-08-00874]\], inhibiting oxidative stress- and TNF-α-induced IL-8 secretion in intestinal epithelial cells \[[@B33-microorganisms-08-00874]\]. Conversely lipopolysaccharide biosynthesis were increased in non-MH samples. Lipopolysaccharide is the major component of the outer membrane of Gram-negative bacteria and acts as the prototypical endotoxin in inflammatory cells, which promotes the secretion of pro-inflammatory cytokines, nitric oxide, and eicosanoids \[[@B34-microorganisms-08-00874]\]. Increased LPS biosynthesis could suggest overgrowth of gram negative bacteria. These bacterial species and metabolic targets have potential to be used as future biomarkers of MH or therapeutic boosters that promote MH with anti-TNF agents.

However, our study had some limitations. First, the study population was relatively small and from a single center. To exclude disease activity which is the major confounding factor for gut microbiome, we enrolled only patients in clinical remission. However, although both are classified as IBD, microbial profiles of CD and UC are different from each other. In particular, the number of UC patients was only 10, therefore, further analysis is required using a large number of patients and an accordant sample size to further validate that there are no differences between the groups. Second, although we analyzed bacteria only based on 16S rRNA sequencing, gut microbiota encompass bacteria, viruses, phages, and fungi \[[@B35-microorganisms-08-00874]\]. In addition, as sequencing technologies can only provide gut composition, we also need to understand the functional effects of microbiota on the complex networks of the intestinal immune system. Although mucosa-adherent bacteria reflect an imbalance of microbial community more directly than fecal bacteria \[[@B27-microorganisms-08-00874],[@B36-microorganisms-08-00874]\], luminal samples are more feasible and practical biomarkers due to their convenience and noninvasiveness.

In conclusion, in patients with clinical remission during infliximab maintenance therapy, no significant differences in microbial composition and diversity were observed, and the timing of fecal sampling did not appear to be important when evaluating the intestinal microbiota. However, microbial composition and diversity differed according to the TLI and MH status. Therefore, changes in the intestinal microbiota composition and biodiversity might be used to predict therapeutic TLI and MH in IBD patients treated with infliximab. To confirm utility as a potential response indicator, it should be compared against other markers, such as infliximab trough levels or fecal calprotectin.

The following are available online at <https://www.mdpi.com/2076-2607/8/6/874/s1>, Table S1. Taxonomic relative abundance of bacterial taxa associated with IBD; Table S2. Taxonomic relative abundance of bacterial taxa associated with IBD according to trough level of infliximab (TLI); Table S3. Comparison of taxonomic relative abundance of bacterial taxa associated with IBD between mucosal healing (MH) and non-mucosal healing (non-MH) groups; Figure S1. *Bacteroides* to *Prevotella* ratio in healthy control, patients with mucosal healing (MH) and non-mucosal healing (non-MH) groups.
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![Fecal and blood sampling process. CRP: C-reactive protein, TLI: Trough level of infliximab.](microorganisms-08-00874-g001){#microorganisms-08-00874-f001}

![Flow diagram of the study. IBD: Inflammatory bowel disease, 1W: Fecal samples obtained at 1-2 weeks after infliximab infusion, 7W: Fecal samples obtained at 7-8 weeks after infliximab infusion.](microorganisms-08-00874-g002){#microorganisms-08-00874-f002}

![Microbial analysis of fecal samples obtained from IBD patients at 1--2 weeks (1W) and 7--8 weeks (7W) after infliximab infusion and from healthy volunteers (Ctrl)). (**A**) Stacked bar chart of microbial composition at the phylum and family level; (**B**) microbial richness assessed by ACE, CHAO, Jackknife, and number of OTUs; (**C**) biodiversity index, including NPShannon, Shannon, and Simpson indices, and phylogenetic diversity; (**D**) principal coordinate analysis (PCoA) plot; and (**E**) unweighted pair group method with arithmetic mean (UPGMA) dendrogram.](microorganisms-08-00874-g003){#microorganisms-08-00874-f003}

![Microbial composition analysis of fecal samples obtained from IBD patients with trough level of infliximab (TLI) ≥ 5 μg/mL and TLI \< 5 μg/mL. (**A**) Stacked bar chart of microbial composition at the phylum and family level; (**B**) microbial richness assessed by ACE, CHAO, Jackknife, and number of operational taxonomic units (OTUs); (**C**) biodiversity index, including NPShannon, Shannon, and Simpson indices, and phylogenetic diversity; (**D**) PCoA plot; (**E**) UPGMA dendrogram; (**F**) linear discriminant analysis effect size (LEfSe); and (**G**) phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) analysis.](microorganisms-08-00874-g004){#microorganisms-08-00874-f004}

![Microbial composition analysis of fecal samples obtained from IBD patients with mucosal healing (MH) and non-MH patients (**A**) Stacked bar chart of microbial composition at the phylum and family level; (**B**) microbial richness assessed by ACE, CHAO, Jackknife, and number of OTUs; (**C**) biodiversity index, including NPShannon, Shannon, and Simpson indices, and phylogenetic diversity; (**D**) PCoA plot; (**E**) UPGMA dendrogram; (**F**) LEfSe; and (**G**) PICRUSt analysis.](microorganisms-08-00874-g005){#microorganisms-08-00874-f005}

microorganisms-08-00874-t001_Table 1

###### 

Baseline characteristics of enrolled IBD patients.

                                                     Crohn's Disease (*n* = 30)     Ulcerative Colitis (*n* = 10)   *p \**   IBD (*n* = 40)      Healthy Control (*n* = 10)   *p* ^†^
  -------------------------------------------------- ------------------------------ ------------------------------- -------- ------------------- ---------------------------- ---------
  Age (years), median (IQR)                          33.0 (25.7--42.2)              48.0 (36.0--51.5)               0.016    37.5 (27.8--48.0)   30.5 (27.00--33.5)           0.074
  Male, *n* (%)                                      25 (83.3)                      4 (40.0)                        0.008    29 (72.5)           6 (60.0)                     0.440
  Current smoker, *n* (%)                            1 (4.2)                        0 (0)                           1.000    1 (2.9)             0 (0)                        1.000
  Abdominal surgery, *n* (%)                         7 (29.2)                       0 (0--0)                        0.078    7 (20.6)            0 (0--0)                     0.161
  Montreal classification                                                                                                                                                     
  A1/A2/A3, *n* (%)                                  2 (8.3)/22 (91.7)/0 (0)        \-                                                                                        
  L1/L2/L3, *n* (%)                                  4 (16.7)/5 (20.8)/15 (62.5)    \-                                                                                        
  B1/B2/B3, *n* (%)                                  10 (41.7)/11 (45.8)/3 (12.5)   \-                                                                                        
  E1/E2/E3, *n* (%)                                  \-                             2 (20.0)/2 (20.0)/6 (60.0)                                                                
  Azathiopurine use, *n* (%)                         11 (45.8)                      1 (10.0)                                 12 (35.3)                                        
  BMI (kg/m^2^), median (IQR)                        21.6 (19.0--24.0)              22.4 (20.5--24.7)               0.322    21.8 (19.7--24.4)                                
  Hemoglobin (g/dL), median (IQR)                    13.0 (11.6--15.0)              13.7 (12.9--14.9)               0.589    13.3 (11.9--14.9)                                
  Hematocrit (%), median (IQR)                       39.8 (37.2--44.4)              42.3 (40.3--44.7)               0.539    42.1 (37.6--44.6)                                
  Albumin (g/dL), median (IQR)                       4.6 (4.3--4.7)                 4.6 (4.4--4.70)                 0.411    4.6 (4.3--4.7)                                   
  ESR (mm/hr), median (IQR)                          8.5 (5.0--19.5)                14.0 (6.5--41.0)                0.752    10.5 (5.3--20.5)                                 
  CRP (mg/L), median (IQR)                           0.5 (0.3--2.6)                 0.6 (0.3--1.2)                  0.752    0.6 (0.3--1.6)                                   
  Calprotectin (μg/mL), median (IQR)                 19.8 (3.0--41.0)               2.2 (1.7--51.8)                 0.006    4.21 (1.9--38.2)    1.60 (0.78--2.72)            0.001
  Trough level of Infliximab (μg/mL), median (IQR)   4.3 (3.2--5.8)                 4.8 (4.3--6.4)                  0.534    4.4 (3.4--5.9)                                   
  Mucosal healing (*n*, %)                           12 (50.0)                      7 (70.0)                        0.451    19 (55.9)                                        

IBD: inflammatory bowel disease, ESR: erythrocyte sedimentation rate, CRP: C-reactive protein, IQR: interquartile range. \* Crohn's disease vs. ulcerative colitis; ^†^ IBD vs. healthy control.

[^1]: These authors contributed equally.
